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SUMMARY

KRISHNAN, K. S. AND JOHN F. BRANDTS: Interaction of phenothiazines and lower

aliphatic alcohols with erythrocyte membranes: A scanning calorimetric study. Mol.

Pharmacol. 16, 181-188 (1979).

Human erythrocyte membranes at pH 7.4 in 310 imosm sodium phosphate buffer show
several distinct endothemmic transitions when studied by differential heat capacity cab-

rimetry. Various tranquilizers in the phenothiazine family shift one of these major

transitions, normally at 67#{176},down to about 60#{176}when present at concentrations of the
rdem of 40 �tM or less. The lower aliphatic alcohols in dilute concentrations affect two of
hese transitions and at higher concentrations shift all the transitions down, by temper-
.tures as much as 30#{176}. The concentrations of alcohols needed to cause similar effects

Lecrease with increasing number of carbon atoms. The effect of alcohols and phenothia-
ines below 150 �LM can be reversed by washing the membranes in sodium phosphate
uffer. The common effect of all these compounds at anesthetic concentrations seems to
ie mainly on one transition, which has been tentatively identified as involving a lipid

omain on the membrane which has previously been shown to function in anion transport.

INTRODUCTION

The great interest in phenothiazines, me-

ulting particularly from their use as major
ranquiizers, is reflected in the number of

eviews that have appeared in recent years
1-5). It has been postulated that one of the
�iajor effects, and conceivably the primary

�iode of action of these drugs, is the alter-

tion of membrane properties. Domino et
1. (6), for example, stress that membranes
iay be involved in the action of phenothi-
‘dnes in view of the marked surface activ-
y of these drugs. It has also been known
Ir some time that ethanol and other small
Liphatic alcohols exert a general depres-

ant effect upon membrane-linked func-

ons of a variety of organisms (7) and in-

I Present address is Molecular Biology Unit, Tata

nstitute of Fundamental Research, Colaba, Bombay

00 005 India.

hibit such membrane-linked phenomena as

the motility ofleukocytes, spermatozoa and
parameceum, the luminiscence of bacteria
and contractility of rat atrium (8). Wright

(9) has shown that ethanol also inhibits the
conduction of nerve impulses, and it has
been suggested that alcohols function at
the cellular level primarily by altering
membrane permeability and ion flux ma-
chinery (10). Thus, alcohols also apparently
have their site of action in membranes and
thereby affect impulse transmission (11-
13).

Theme have been a number of studies on
the interaction of both phenothiazines and
alcohols with numerous isolated membrane
systems (14-25), with a strong emphasis on
the use of fluorescent and EPR2 probes.

2 The abbreviation used is: EPR, electron paramag-

netic resonance.

181

0026-895X/79/040181-09$02.00/0
Copyrigh � 1979 by Academic Press, Inc.
All rights ui reproduction in any form reserved.



182 KRISHNAN AND BRANDTS

Although it has uniformly been found that
both phenothiazines and alcohols cause

perturbation of membrane-bound probes,
these studies have not yet led to any con-
sensus concerning their mode of action.
Various suggestions include 1) effects that

cause increased rigidity of the protein
phase; 2) increased mobility in the lipid
phase; and 3) expansion of the membrane.

Alcohols, in addition, show a biphasic na-
ture since they cause a second large effect

on membranes (17, 25, 26) at above-lytic

concentrations, which has been suggested
to result from disruption of protein-lipid
interactions (18).

Thus far, there have been no studies
which point to specific membrane compo-

nents as the site of action of these and other
membrane-active drugs. The present stud-
ies utilize scanning calorimetry as a means
of focusing attention on specific structural
domains within the emythrocyte membrane.

Using a highly-sensitive differential heat
capacity calorimeter, five well-defined
structural transitions can be observed for
human erythrocyte ghosts over the temper-
ature region from 40#{176}to 80#{176}(27, 28). Each
of these transitions is largely irreversible
and appear to result from the cooperative
disruption of a specific local region of the
membrane which is highly-ordered at phys-
iological temperature. Earlier studies have
been successful to a degree in identifying
the membrane components which partici-
pate in each of these transitions (28-32).�

It will be seen from the results presented

in this paper that the phenothiazines and
alcohols interact most strongly with one of
the five transitions when concentrations are
low, i.e., with the C transition. Thus, the

“C region” of the native membranes ap-
pears to have high specificity for these

drugs. This is all the more interesting since
it is known that this region of the mem-
brane is also functional in anion transport
(31), and thereby the results suggest a po-

tential relationship between membrane
permeability and the presence of anes-
thetics.

MATERIALS AND METHODS

Erythrocyte membranes were prepared

3 Brandts, J. F., R. Carlson, R. D. Traverna, J.

Snow, and K. Lysko. Unpublished observations.

by the procedure of Dodge et al. (33), b
hypotonic hemolysis. The final compositio

of the suspending buffer was obtained b
washing the membranes two times in tI�
appropriate solvent with a 1:20 excess vo�

ume. Membrane concentrations were dete
mined by drying the samples to cons
weight at 105#{176}.The SITS treatment oft

red blood cells was done according to pr
cedures described by Cabantchik and Rot
stein (34), and as previously used in this 1
(31). DIDS treatment was carried out

described by Cabantchik and Rothste
(35).

Heat capacity measurements were ma
on a high-sensitivity, differential sc
calorimeter (36), similar in design to a co
mercially-available instrument (MicroC
Inc., Amherst, Mass.). Concentrations
the membranes were between 1 and 1.5
The noise level of the instrument was t
ically less than 5% of the transition amp

tudes.
Alcohols used were spectroscopic grad

Dartal (thiopmopazate-2 HC1) was a produ
of G. D. Searle & Co. Fluphenazine w

obtained from Squibb. Prochlorperaz
and chlorpmomazine were obtained fro
Smith, Kline and French. Drugs we

freshly dissolved in appropriate sodiu
phosphate buffer and these solutions we
used to wash membranes. The washin
were performed immediately prior to t
start of the calorimetric nun. The meferen
cell of the calorimeter contained the
at the same concentration as the sam
cell, but contained no membrane. T
drugs were supplied in pure salt form

used as such.

RESULTS

Human erythrocyte membranes at p
7.4 in 310 imosm sodium phosphate buff
show five distinct endothermic transitio

at 50, 55, 62, 66 and 77#{176}(curve a in Fig.
These are called the A, B1, B2, C and

transitions, respectively. Of these, only
is sensitive to pH with an apparent p
around 7.5 (30). At lower ionic strengt
(77.5 imosm), B1 and B2 fuse together

form a single B transition. Circular dichr
ism experiments from this laboratory ha
suggested that only the A and D transitio
involve extensive protein unfolding. Extra
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FIG. 1. Differential heat capacity scans of human

�throcyte membranes in the presence of various

enothiazines

Ghosts were washed twice in 310 imosm sodium

osphate buffer at pH 7.4 which contained the drugs

the concentration indicated. a. No drugs. b. 40 �.tM

orpromazine. c. 40 j�M prochlorperazine. d. 40 �uM

phenazine. e. 40 �LM Dartal (thiopropazate-2HC1).

)n experiments have shown definitely
at the A transition, centered near 50#{176},is
e to the partial unfolding of spectrin (28,
)- Further experiments have indicated in-
lvement of bands IV.1 and IV.2 in the B1
insition and band III in the B2 transition

9)#{149}3From various chemical and enzymatic
odification studies, a strong case has been

ade for the C transition being due to some
id-dependent region of the membrane

0, 31), located in close proximity to band

Curves b-e in Figure 1 show the effect of
nious phenothiazines, at a concentration
40 �M, on the human erythrocyte mem-

ane transitions. All four drugs shift the C
nsition down by 4-7#{176}.The B2 transition

apparently buried underneath the C tran-
ion while the B1 transition is much me-

,ced in size and perhaps lowered in tem-
mature. There seems to be an overall de-

ease in the height and sharpness of all

aks.

At lower ionic strengths (77.5 imosm),

dem conditions where B1 and B2 are fused

to form a single B transition at 57#{176},it was

found that the same degree of shift of the
C transition persists. However, the transi-

tions are crowded together and more diffi-
cult to resolve. Figure 2 shows the effect of
phenothiazines at Ca. 40 �zM concentration

on the ghosts suspended in the lower salt
buffer at the same pH, i.e., 7.4. It can be
seen that A and B transitions are virtually
unaffected and the C transition is shifted
down by several degrees. The effect of Dar-
ta�l (thiopropazate-2 HC1) under these salt

conditions is somewhat unusual. Theme
seems to be small upshift of the A transition

and the resulting lack of resolution gives a
strange-looking endotherm.

Figure 3 shows the effect of increasing
concentrations of prochlonpemazine on the
endothermic transitions. At concentrations
above 150 �LM the membranes were aggre-
gated. The drug effects below this concen-

tration show the progressive shift toward
lower temperature of the C transition.
These effects could be reversed by washing

�‘1
0.05 CAL DEG GM-i

I � I � � � I

50 60 70 80

TEMPERATURE

FIG. 2. Differential heat capacity scans of human

erythrocyte ghosts in low salt conditions in the pres-

ence of drugs

The buffer was 77.5 imosm sodium phosphate.

Washing protocol was the same as in Figure 1. a)

Control (77.5 sodium phosphate pH 7.4, no drugs); b)

+ 40 �uM cMorpromasine c) + 40 �uM fluphenazine; d)

+ 40 �uM prochlorperazine; e) + 40 �M Dartal.
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the drug-treated membrane twice with 310
imosm pH 7.4 sodium phosphate buffer.

Membranes treated with drugs up to 150

�LM and subsequently washed twice in 310
imosm pH 7.4 buffer gave calorimetric
scans identical to membranes which had
not been exposed to the drug.

Alcohols at low concentrations have an
effect similar to the drugs in that they shift

the C transition down (Fig. 4). The relative
effect of alcohols at the same concentration
follows an order propanol > ethanol >

methanol. It is also noteworthy that alco-
hols not only affect the C transition but
also shift the B2 transition substantially
down. Tm �5 Vfftu8.lly unchanged in A and
B1 but B1 is reduced in size.

At above lytic concentrations, alcohols
have a more dramatic effect on the mem-
branes (Fig. 5). At high concentrations

(ETOH 10%, MEOH 20% or propanol 4%)

all the transitions are shifted down and a
pronounced difference in the pattern of the

FIG. 3. Effect of increasing concentrations of pro-

chlorperazine on the human erythrocyte endotherm

The buffer was 310 imosm sodium phosphate, pH

7.4. a) control; b) 8 �LM prochlorperazine c) 30 juM

prochlorperazine; d) 40 jtM prochlorperazine; e) 70 ftM

prochlorperazine.

FIG. 4. Effect ofalcohols at below lytic concentra

tions on human erythrocyte ghosts at 310 imosm, p�

7.4

a) control; b) 10% MeOH c) 2% EtOH; d) 1% n

propanol.

endotherm is obtained. The shifts of th
transitions vary from about 5#{176}for the )

transition to nearly 20#{176}for the C transition
The effect of alcohols even at these concen
trations can be reversed by washing th
alcohol treated membranes in 310 imosn
sodium phosphate twice. Figure 5 curve e

shows the scan for an n-propanol (4%
treated sample where the alcohol was sub

sequently removed before heating by wash
ing in 310 imosm sodium phosphate. Th
normal calorimetric pattern is observed.

The effect of increasing concentrations o
n-pmopanol on the membrane transitions i
shown in Figure 6. At low concentration
(1%) the major effect is a shift down of th
C and B2 transitions. At higher concentra
tions all the peaks including the D transi
tion are shifted down. At 10% propano
(inset in Figure 6) the transitions all occu
below 45#{176}and cannot be resolved. Even a

this concentration the propanol effect c�ii
be reversed by washing the membranes ii

310 imosm sodium phosphate buffer.
Since the effect of phenothiazines an

perhaps alcohols on the C transition migh
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0.
0

effectively mask their possible effect on the
B2 transition it was imperative to check

under conditions in which overlap of B2 and
C can be avoided. Highly-specific, covalent

inhibitors of anion transport, SITS (4 ac-
etamido-4’ isolthiocyano stilbene- 2,2’-di-
sulfonic acid) and DIDS (4,4’-disothiocy-
ano- 2,2’-stilbene disulfonic acid), shift up
the C transition by nearly 12#{176}and leave the
rest of the transitions unchanged (31). The
effect of 2% n-pmopanol on DIDS-treated
membranes and the effect of 100 �LM pro-
chlorperazine on SITS-treated membranes

are shown in Figure 7 and Figure 8, mespec-
tively. In comparison with controls it can

FIG. 5. Effect ofalcohols at above lytic concentra-

tions

a) control; b) 20% MeOH; c) 10% EtOH; d) 4% n-

propanol; e) Reversal of 4% n-propanol. The sample

treated in 4% n-propanol was washed twice in 310

imosm sodium phosphate buffer, pH 7.4, and then

heated.

60 70

TEMPERATURE

FIG. 6. Effect of increasing concentrations of n-propanol on human erythrocyte membrane transitions

The buffer was 310 imosm sodium phosphate, pH 7.4. a) control; b) 1%; c) 2%; d) 3%; e) 4%; 0 (inset) 10%.
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FIG. 8. Effect of 70 M Prochlorperazine on SITS-

treated ghosts in 310 imosm phosphate buffer, pH 7.4

a) SITS control; b) + 70 �uM prochlorperazine; c)

reversal.
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FIG. 7. Effect of 2% n-propanol on DIDS-treated

ghosts

a) DIDS control, 310 imosm phosphate buffer, pH

7.4; b) DIDS control + 2% n-propanol; c) Reversed in

310 imosm phosphate buffer, pH 7.4.

be seen that the phenothiazine affects only
the C transition whereas the alcohol shifts
down the B2 transition as well as the C
transition.

Model membrane systems of phosphati-
dyl choline vesicles behave very similarly
to the C transition in the presence of alco-
hols and phenothiazines. Their effects on
the gel-to-liquid crystal transition of lipo-
somes of dipalmitoyl phosphatidyl choline
have been determined (data not shown).
Ethanol shifts the main transition down by
nearly 2#{176}at 2% concentration and by a

greater extent the pretmansition. The effect
of 60 �LM prochloropemazine is similar to that
found for ethanol, but the latter also causes
considerable broadening of the endotherm.

DISCUSSION

Both the phenothiazines and the alcohols
interact most strongly with the C transition

of the erythrocyte membrane, although the

alcohols also cause a significant downward
shift of the B2 transition. Both cause some
shift and loss of resolution for the B1 tran-
sition. The two transitions, which appear to
involve large amounts of protein unfolding
(i.e., the A and D transition) on the basis of

CD changes (28), are relatively insensitive
to low concentrations of both types of an-
esthetics.

The primary advantage of the calonime-
tric method for this type of study is that it
permits one to focus attention on particular
local structural regions in the membrane.
Thus, it is apparent from this study that
both the phenothiazines and the alcohols

do interact strongly with at least one com-
mon region of the native membrane, i.e.,
the C region, and in so doing they act to

depress the temperature of the order
disorder transition.

There is a large amount of evidence that
the C region of the membrane has a definite
lipid character. The evidence in favor of
this idea includes (30): 1) The lack of CD
change (223 nm) in the C transition argues
against protein unfolding as the primary
structural change. 2) The C transition
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shows a high sensitivity to many amphi-
pathic additives known to shift lipid melt-

ing transitions. 3) It is the only one of the
erythrocyte transitions that is insensitive
to extensive bilateral proteolysis. 4) The C
transition shifts down in temperature and
disappears progressively as a function of

phospholipid cleavage using either phos-
pholipase C or A. 5) The C transition is the

only transition which can be “extracted”
from the membrane by brief exposure to
lipid-extracting solvents such as n-butanol.

Although definitely involving lipid to
some degree, the C region also either in-

cludes or is regulated to some extent by
band III, the principal transport protein of

� the red cell. That this is true was indicated
by earlier work (31) showing that the up-

ward shift of the C transition occurs simul-
taneously with the binding of DIDS to band
III and the concomitant inhibition of anion

transport. Thus, the C transition is possibly
occurring in a local domain of the mem-
brane which contains phospholipids as well

as perhaps some portions of band III that
are inaccessible to bilateral proteolysis. It

is possible, although highly speculative,
that the C transition corresponds to the

melting of a small crystaffine phospholipid
region of the membrane that is modulated
strongly by interaction with band III.

The use of scanning calorimetry can
therefore be of considerable value in iden-

tifying specific regions of a membrane
which interact with different drugs, and
might thereby be important for determi-

nations of mechanisms of action. As far as
these two family of anesthetics are con-
cerned, both interact strongly with a struc-

tune known to be pant of the anion “chan-
nel.” Whether or not this interaction with

transport sites is related to anesthetic prop-
erties will be known only after further stud-
ies. However, it has frequently been sug-
gested (1-5) in the past that anesthetic
action is related to permeability changes in
membranes and our results are supportive

of that idea.
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SUMMARY

ROUFOGALIS, BASIL D., AND GUY BEAUREGARD: Role of phospholipid (cardiolipin)
in the modulation of substrate and inhibitor interactions with emythrocyte acetylcho-
linesterase. Mol. Pharmacol. 16, 189-195 (1979).

The hydrolysis of acetylcholine by bovine erythrocyte acetylcholinesterase shows a break
in the Armhenius plot around 20#{176}.Evidence is presented that the cardiolipin-associated
enzyme is modulated by a temperature dependent conformational rearrangement of the

active site induced by the binding of substrate and inhibitor to the enzyme. Neither
carbamylation by o-nitrophenoldimethylcarbamate, decarbamylation nor the maximum
velocity of acetylcholine hydrolysis (rate limited by deacetylation) showed a non-linear
Arrhenius plot. The break in the Arrhenius plot of acetylcholine hydrolysis appeared to
parallel the nonlinear temperature dependence of Vmax/Km(app) which reflects the confor-

mational rearrangement of the enzyme-substrate complex, the rate limiting step at

subsaturating substrate concentrations. Treatment of the enzyme with high salt and
phosphate, which abolishes the non-linear Arrhenius plot and permits the extraction of
cardiolipin from the enzyme by chloroform/methanol, gave linear plots for the tempera-
ture dependence of Vmax/Km(app), indicating that in these conditions the mate-limiting step
was altered or no longer modulated by temperature.

Above the transition temperature fluoride inhibited the cardiolipin-associated enzyme
with a Hill slope greater than 1.0 (-n = 1.4), whereas below the transition temperature

or in high salt and phosphate treated cardiolipin-dissociated enzyme the corresponding
negative Hifi slope was 1.0. The rate of irreversible inhibition at the active site by N,N’-

dicyclohexylcarbodiimide also exhibited a break at around 20#{176},the large increase in the

entropy of the reaction above this temperature being consistent with a conformational

rearrangement of the active site.

INTRODUCTION an anomalous break in the Arrhenius plot

Recently it has been shown that a num- of the enzyme activity (1). The cardiolipin
ber of membrane-bound proteins are regu- appeared to be bound to � the enzyme by
lated by their phospholipid environment. iomc as well as hydrophobic mteraction, as
In a previous report we showed that cardi- it could not be removed by nomomc deter-
olipin was associated with bovine erythro- g�t (Lubrol WX) and was removed by
cyte acetylcholinestemase (acetylcholine hy- chloroform/methanol extraction onlyin the
drolase EC 3.1.1.7) and was responsible for presence of high salt (1). The break in the

Arrhenius plot was abolished by treatment

Supported by the Medical Research Council of of the enz�vme complex with high (1.8 M)
�anada. salt in Ca � chelating conditions, presum-
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